This study was conducted to investigate the effect of dietary energy concentration on growth performance, serum biochemical indices, and the mRNA expression of inflammatory cytokines in the liver of meat ducks challenged with lipopolysaccharide (LPS). A total of 600 1-d-old Cherry Valley meat ducks were randomly assigned to 10 treatments with six replicate cages of 10 birds/pen. A 5 × 2 factorial arrangement in a complete randomized design experiment was used to study the effect of five concentrations of dietary metabolizable energy (ME, 2,800, 2,900, 3,000, 3,100, and 3,200 kcal/kg) with or without a challenge with LPS in meat ducks. All experimental ducks were intraperitoneally injected with either 0.5 mg/kg body weight (BW) LPS or an equivalent amount of sterile saline at 15, 17, and 19 d of age. The results showed that LPS challenge significantly decreased (P < 0.05) BW (d 21), body weight gain (d 15-21) and average daily feed intake (ADFI; d 15-21), and markedly increased (P < 0.05) relative spleen weight, serum total protein concentration, and the mRNA expression of interleukin 6 (IL-6), interleukin 10, transforming growth factor β (TGF-β), and Avian Beta Defensin 10 (AVBD-10) in the liver of meat ducks. Ducks fed 3,200 kcal/kg ME diet had the lowest (P < 0.05) ADFI than those fed with the other diets. Additionally, there were significantly LPS by diet interactions on IL-6, interferon-γ, TGF-β, AVBD-10, and inducible nitric oxide synthase mRNA expression (P < 0.05), wherein a more pronounced liver inflammatory response was observed in birds fed highenergy diets (3,100 and 3,200 kcal/kg ME) than birds fed low-energy diet (2,800 and 2,900 kcal/kg ME). The results indicated that 3,100 and 3,200 kcal/kg ME of diets increased hepatic inflammatory markers induced by LPS challenge in ducks but did not influence performance responsiveness during this challenge.
INTRODUCTION
Immune stress is the loss of immune homeostasis by external forces (Yang et al., 2011) . Under an innate immune response, large amount nutrients are consumed in order to satisfy the requirement of nutrients to synthesize immune effector molecules, which reduced growth performance and cause economic losses (Johnson, 1997; Jacobi et al., 2006) . Thus, it is of great interest to modulate innate immune responsiveness by nutrients. Injection of lipopolysaccharide (LPS) in chickens has been used as an innate immune responsiveness model (Leshchinsky and Klasing, 2001) . Kaiser et al. (2012) noted that there were significantly higher splenic concentrations of interleukin 6 (IL-6), interferon-γ (IFN-γ), inducible nitric oxide synthase (iNOS), and interleukin 10 (IL-10) RNA expression in chickens receiving LPS than in chickens receiving saline-injected. These data suggested that LPS induced an immune response that was regulated by both pro-and anti-inflammatory cytokines. To our knowledge, there are few studies that have evaluated the effects of LPS challenge on the performance and health of ducks as compared with broilers.
Many studies have shown that the innate immune response can be modulated by dietary supplementation in broilers (Shen et al., 2010; Kaiser et al., 2012; Tan et al., 2014; Li et al., 2015; Liu et al., 2015; Tabatabaei et al., 2015; Zheng et al., 2016; Li et al., 2017; Wu et al., 2017) . However, the experimental data on the effects of dietary metabolizable energy (ME) density on innate immune response in ducks are lacking. Benson et al. (1993) found that when the dietary energy density increased above 3,200 kcal/kg using cornstarch, but not corn oil, the growth depressing effect of immunogens was eliminated. Total and IgG anti-SRBC antibody titers were rose in birds fed low energy at post primary injection days (Golian et al., 2010) . However, Praharaj et al. (1997) reported that the development of immune 164 organs in broiler chicks (Bursa of Fabricius and spleen) were not influenced by dietary energy concentration (2,500, 2,650, and 2,800 kcal/kg of ME) from 1 to 42 d. Many researches indicated that the modern commercial broiler, which has been selected for rapid growth and enhanced muscle mass, does not adequately regulate voluntary feed intake to achieve energy balance (Richards, 2003; Latshaw, 2008) . Although the results in previous studies were contradictory, it is of interest in diet formulation to find the optimal energy density to improve humoral immune and response as well as growth. Therefore, a study was conducted to investigate whether dietary energy concentration can alter the innate immune response to LPS injection in meat ducks from 1 to 21 d of age based on growth performance, serum biochemical indices, and the gene expression of inflammatory cytokines in the liver.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of Sichuan Agricultural University approved all procedures used in the study.
Birds, Diets and Management
A total of 600 1-d-old Cherry Valley meat ducks were randomly assigned to five dietary energy treatments with 12 replicate pens of 10 birds per pen during 1 to 14 d of age. On d 15, each dietary energy treatment was divided into two groups, one group (six replicate pens of 10 birds) were injected LPS, and the other group (six replicate pens of 10 birds) were injected sterile saline. Therefore, a 5 × 2 factorial arrangement in a complete randomized design experiment was used to study the effect of five concentrations of ME (2,800, 2,900, 3,000, 3,100, and 3,200 kcal/kg) with or without an LPS challenge in meat ducks from 15 to 21 d of age. The ducks were intraperitoneally injected with either 0.5 mg/kg body weight (BW) LPS (Escherichia coli serotype O55: B5; Sigma Chemical, St Louis, MO) dissolved in 9 g/L (w/v) sterile saline (0.5 mg/mL) or an equivalent amount of sterile saline at 15, 17, and 19 d of age. The experimental period was 1 to 21 d. The doses and routes of LPS administration referred to the previous study (Yang et al., 2011; Liu et al., 2015; Li et al., 2017) .
The experimental diets were formulated according to the National Research Council (NRC, 1994), China duck feeding standard, and the previous research results in our laboratory to meet the nutrient requirements of meat-type ducks (Table 1) . Five diets were formulated to contain 2,800, 2,900, 3,000, 3,100 and 3,200 kcal/kg of ME, respectively. The 2,800 and 3,200 kcal/kg ME diets were mixed proportionately (3:1, 1:1, and 1:3, respectively) to obtain the 2,900, 3,000 and 3,100 kcal/kg ME diets. All ducks were reared in pens (2.2 × 1.2 × 0.9 m) in a temperature-and humidity-controlled room with a 24 h constant light schedule and had free access to water and feed throughout the experimental period. Feed was supplied in pellet form and the diameter of the pellets was 2 mm.
Sample Collection
At 14 d and 21 d of age, after 12 h feed withdrawal, ducks were weighed and feed consumption was obtained by pen. BW, body weight gain (BWG), average daily feed intake (ADFI), feed-to-gain ratio (F/G) were calculated. Then, on d 21, one duck with weight closest to the pen average was selected and bled through the jugular vein. The blood samples were immediately placed on ice, transported to the laboratory for further analysis within 3 h of collection. Following this, all birds were euthanized by cervical dislocation, and the liver, thymus, spleen, bursa, and cecal tonsil were removed from each bird. The relative immune organ weights of the liver, thymus, spleen, bursa, and cecal tonsil were immediately calculated following dissection and were expressed relative to BW (mg of organ/g of BW). After that liver samples were immediately collected and stored in liquid nitrogen for mRNA analysis. 1 IL-6, interleukin 6; IL-10, interleukin 10; IFN-γ, interferon-γ; TGF-β, transforming growth factor β; iNOS, inducible nitric oxide synthase; AVBD-10, Avian Beta Defensin 10.
Blood Parameters Determination
The blood samples were centrifuged at 3,000 g for 15 min at 4
• C, and serum was collected and stored at -80
• C until analyzed for the biochemical parameters. The enzyme activities of alkaline phosphatase, alanine aminotransferase, and aspartate aminotransferase (AST) and the contents of total protein (TP) and glucose (GLU) in the serum were determined spectrophotometrically with the commercial kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, People's Republic of China) according to the instructions of the manufacturer.
Messenger RNA Real-time Quantitative PCR
Determination of messenger RNA abundance was performed as previously described (Zhang et al., 2014) . Briefly, total RNA was extracted using Trizol reagent (TaKaRa, Dalian, Liaoning, China) from frozen liver samples following the manufacturer's instructions. RNA integrity was tested by 1% agarose gel electrophoresis. The RNA concentrations were quantified using a spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific Inc.). After determining the RNA concentration, 1 μg of total RNA was immediately reversetranscribed into cDNA using the Prime ScriptTM RT Reagent Kit (TaKaRa Biotechnology, Dalian, China) according to the manufacturer's instructions. Then, real-time polymerase chain reaction (PCR) was performed in triplicate on an ABI 7900HT real-time PCR detection system (Applied Biosystems, CA) according to the manufacturer's instructions. The primer sequences for the target and reference genes (IL-6, IL-10, IFN-γ, transforming growth factor β (TGF-β), iNOS, Avian Beta Defensin 10 (AVBD-10), and β-actin were listed in Table 2 .
After that the reaction mixture was prepared using 2 μl of complementary DNA, 0.4 μl of forward primer, 0.4 μl of reverse primer, 10 μl of SYBR Premix Ex Taq (TaKaRa, Dalian, Liaoning, China), 0.4 μl of ROX Reference Dye (TaKaRa, Dalian, Liaoning, China), and 6.8 μl of double-distilled water. Each sample was tested in duplicate. PCR consisted of a pre-run at 95
• C for 30 s and 40 cycles of denaturation at 95
• C for 5 s, followed by a 60
• C annealing step for 30 s. The conditions of the melting curve analysis were as follows: one cycle of denaturation at 95
• C for 10 s, followed by an increase in temperature from 65
• C to 95
• C at a rate of 0.5 • C/s. The relative levels of mRNA expression were calculated using the 2 −ΔΔCT method (Livak and Schmittgen, 2001 ) after normalization against the reference gene β-actin.
Statistical Analysis
These data were analyzed by two-way analysis of variance using the general linear model procedure of SAS 9.0 (SAS Institute Inc., Cary, NC) as a 5 × 2 factorial arrangement with dietary energy concentrations and LPS as main effects as well as their interaction. When P-values of the interaction of main effects were less than 0.05, differences among the treatments were examined using Duncan's multiple range test. All results are shown as means and standard error of the mean (SEM). Differences between means at P < 0.05 were considered to be statistically significant.
RESULTS

Growth Performance
As shown in Table 3 , BW (d 14) and BWG (d 1-14) of meat ducks in 2,800 kcal/kg ME group was significantly higher (P < 0.05) than that of other groups, but there were no significant differences (P > 0.05) in BW (d 14) and BWG (d 1-14) among the other four dietary treatments. F: G (d 1-14) and ADFI (d 1-14) of meat ducks in 3,200 kcal/kg ME group was significantly lower (P < 0.05) than that of other groups.
As shown in Table 4 , LPS challenge significantly decreased (P < 0.05) BW (d 21), BWG (d 15-21), and ADFI (d 15-21) of meat ducks, but had no significant a,b Means in the same row with no common superscript are significantly different (P < 0.05). 1 ME, metabolizable energy; BW, body weight; BWG, body weight gain; F: G, feed to gain ratio; ADFI, average daily feed.
2 Birds were injected intraperitoneally with either 0.5 mg/kg BW LPS or an equivalent amount of sterile saline at 15, 17, and 19 d of age. LPS (−) = dietary treatment was injected sterile saline; LPS (+) = dietary treatment was injected LPS.
3 Means represent six replicate pens of 10 birds per pen.
effect (P > 0.05) on F: G (d 15-21). Dietary energy concentration had a significant effect (P < 0.05) on ADFI (d 15-21). ADFI (d 15-21) of ducks in 2,800, 2,900, and 3,000 kcal/kg ME groups were significantly higher (P < 0.05) than that of 3,100 and 3,200 kcal/kg ME groups. Additionally, there was no LPS by dietary energy interaction on growth performance (P < 0.05).
Serum Biochemical Parameters
As shown in Table 5 , on d 21, LPS challenge resulted in (P < 0.05) the increased serum TP content (d 21) and decreased the enzyme activity of AST, but had no significant effects (P > 0.05) on other indicators. Additionally, there were significant (P < 0.05) LPS by diet interactions on serum GLU and TP content. When ducks were fed the low-energy diet (2,800 and 2,900 kcal/kg), there was no significant difference in serum TP content between the LPS groups and saline groups. But when fed with high-energy diet (3,100 and 3,200 kcal/kg), ducks challenged with LPS showed significantly higher serum TP content compared with those injected with saline.
Immune Organs
As shown in Table 6 , on d 21, the absolute liver weight of meat ducks was significantly decreased (P < 0.05) in LPS-challenged groups as compared to the control group, but LPS challenge significantly increased (P < 0.05) the relative weight of the spleen. LPS challenge had no significant effects (P > 0.05) on weight and index of other immune organs. Dietary energy concentration had no significantly effects (P > 0.05) on immune organ index. Additionally, there were no LPS by ME interactions on the development of immune organs (P > 0.05).
Gene Expression in the Liver
As shown in Table 7 , on d 21, hepatic mRNA expression of IL-6, IL-10, TGF-β, and AVBD-10 were all significantly increased (P < 0.05) in LPS stress groups as compared to the control group. Additionally, there were significant (P < 0.05) LPS by ME interactions on IL-6, IFN-γ, TGF-β, AVBD-10, and iNOS mRNA expression in liver. When fed with 2,800, 2,900 and 3,000 kcal/kg ME diet, there was no significant (P > 0.05) difference in IL-6 mRNA expression in liver of meat ducks between the LPS groups and saline groups. But when fed with 3,100 and 3,200 kcal/kg ME diet, ducks challenged with LPS showed significantly (P < 0.05) higher IL-6 mRNA expression in liver of meat ducks compared with those injected with saline. When fed with 2,900, 3,000 and 3,100 kcal/kg ME diet, there was no significant (P > 0.05) difference in IFN-γ and TGF-β mRNA expression in liver of meat ducks between the LPS groups and saline groups. But when fed with 3,200 or 2,800 kcal/kg diet, ducks challenged with LPS showed significantly (P < 0.05) higher or lower IFN-γ and TGF-β mRNA expression in liver of meat ducks compared with those injected with saline.
DISCUSSION
Ducks in the current study had reduced ADFI as dietary energy increased, which is consistent with previous studies. Fan et al. (2008) pointed out with increasing dietary energy (from 2,600 to 3,100 kcal/kg of ME) to Pekin ducks, FI decreased. In addition, Wen et al. (2017) also found that increasing dietary energy concentration caused significant decrease in FI and F/G. The main reason is that adjusting feed intake according to dietary energy concentration is an instinct in poultry. Therefore, the results of this experiment further confirmed that meat ducks feed low-energy diet can increase FI to ensure growth requirement.
Previous many studies have reported that immune challenge resulted in decreased growth performance (Korver et al., 1998; Yang et al., 2008 Yang et al., , 2011 Shen et al., 2010; Hu et al., 2011; Munyaka et al., 2012; Li et al., 2015; Liu et al., 2015; Zheng et al., 2016) . Our experimental results were consisted with the previous studies. This may be caused by decreasing feed intake and consuming more nutrients in immune response. The relative weight of immune organs is an important indicator for evaluation of the immune status of poultry. The spleen is a site for both innate and adaptive immune response (Olah et al., 2008) . The increased spleen size in the LPS challenged ducks indicate increased an immune response. Several studies show that LPS stimulation increased the relative weight of the spleen (Yang et al., 2011; Li et al., 2015; Zheng et al., 2016) . Our results were consisted with these studies. Furthermore, serum TP content of meat ducks in LPS-challenged groups were significantly higher than that of the control groups. Previous studies also have shown that the LPS challenge increased the serum immunoglobulin levels (Yang et al., 2011; Li et al., 2017) . Moreover, cytokines play a key role as communication signals during both normal immunologic responses and pathologic conditions. IL-6 and IFN-γ are proinflammatory cytokines with proinflammatory activity, and the increase of their expression may cause the inflammatory reaction. When proinflammatory cytokines are expressed in large quantities, the body can regulate the inflammatory response by up-regulating the antiinflammatory cytokine expression (IL-10 and TGF-β).
In the past, research with broilers has mainly fixed attention on effects of LPS challenge on inflammatory cytokines of serum (Li et al., 2017; Wu et al., 2017) , plasma (Shen et al., 2010; Wu et al., 2013) , and spleen (Takahashi et al., 2008; Kaiser et al., 2012; Munyaka et al., 2012; Tan et al., 2014; Li et al., 2015) . In addition, LPS injection increased inflammatory cytokines including IL-6 (Shen et al., 2010; Kaiser et al., 2012; Wu et al., 2013; Li et al., 2015 Li et al., , 2017 Wu et al., 2017) , IL-10 (Kaiser et al., 2012; Munyaka et al., 2012; Wu et al., 2013 Wu et al., , 2017 , IFN-γ (Sijben et al., 2001; Takahashi et al., 2008; Kaiser et al., 2012; Munyaka et al., 2012; Li et al., 2015) in broiler chickens. Our experimental results agreed with these studies. In the present study, we found that LPS challenge increased mRNA abundances of IL-6, IL-10, TGF-β, and AVBD-10 in the liver of ducks. It is generally known that LPS model is a classical model of immune stress in broiler chickens. However, there are few studies that have evaluated the effects of LPS challenge on the ducks as compared with broilers. The current study results show that LPS challenge decreased growth performance, and markedly increased relative spleen weight, serum TP concentration, and the mRNA expression of IL-6, IL-10, TGF-β, and AVBD-10 in the liver of meat ducks. Based on these results, we could identify that the chronic stress model in ducks by LPS challenge was established successfully in the current study. However, in the present study, LPS had no significant effects on serum GLU content of meat ducks, which was in agreement with the study by Shini et al. (2008) , who demonstrated that serum GLU content in LPS-challenged group changed over time, and increased within 24 h of LPS injection, and then gradually back down to normal range. In this experiment, blood samples were taken 24 h after LPS injection, and it may be the reason why the difference between LPS groups and control groups is not significant.
In addition, dietary energy concentrations had a significant effect on the serum TP content and the mRNA expressions of hepatic inflammatory cytokines (IL-6, IFN-γ and TGF-β) in ducks challenged a-e Means in the same row with no common superscript are significantly different (P < 0.05). 1 Birds were injected intraperitoneally with either 0.5 mg/kg BW LPS or an equivalent amount of sterile saline at 15, 17, and 19 d of age. LPS (−) = dietary treatment was injected sterile saline; LPS (+) = dietary treatment was injected LPS.
2 Means represent six replicate pens of 1 bird per pen. 3 IL-6, interleukin 6; IL-10, interleukin 10; IFN-γ, interferon-γ; TGF-β, transforming growth factor β; iNOS, inducible nitric oxide synthase; AVBD-10, Avian Beta Defensin 10.
with LPS, where a more pronounced response was observed in birds fed high-energy diets (3,100 and 3,200 kcal/kg) than birds fed low-energy diets (2,800 and 2,900 kcal/kg). One reason for this may be that ducks fed a high-energy diet had a lower FI, which caused a lower dietary protein intake. Takahashi et al. (1995) observed greater acute-phase immune response, as measures by plasma α1-acid glycoprotein and interleukin-1 like activity, in response to LPS in chicks raised on a low-protein diet in comparison with those fed a high-protein diet. Experimental animal studies suggest that protein deficiency influences the metabolic responses to endotoxin and modifies the ability of monocytes to produce cytokines (Takahashi et al., 1995) .
Secondly, soybean oil was used for increasing density of dietary ME in this experiment. As oils of plant origin, soybean oil contains high levels of unsaturated fatty acids (such as linoleic acid, LNA), which is the precursor of arachidonic acid. LNA can undergo elongation and further desaturation to produce arachidonic acid (a precursor for eicosanoid biosynthesis), which acts to mediate a pro-inflammatory response (Adam et al., 2008) . Increasing LNA levels may lead to increase arachidonic acid levels and proinflammatory mediators (Zaman et al., 2010) . However, further studies are needed to account for the different responses of inflammatory response to dietary protein concentration in the future.
CONCLUSIONS
In conclusion, meat ducks fed low-energy diet can increase feed intake to ensure growth requirement. LPS challenge decreased growth performance, promoted compensatory growth of immune organs, and increased the serum TP content and gene expression of inflammatory cytokines in the liver of meat ducks. Dietary energy concentrations with 3,100 and 3,200 kcal/kg ME increased liver inflammatory responses in meat ducks, as evidenced by the increased mRNA expression of the hepatic inflammatory cytokines and the serum TP content.
